Motoneuron death after spinal cord injury or disease results in muscle denervation, atrophy, and paralysis. We have previously transplanted embryonic ventral spinal cord cells into the peripheral nerve to reinnervate denervated muscles and to reduce muscle atrophy, but reinnervation was incomplete. Here, our aim was to determine whether brief electrical stimulation of embryonic neurons in the peripheral nerve changes motoneuron survival, axon regeneration, and muscle reinnervation and function because neural depolarization is crucial for embryonic neuron survival and may promote activitydependent axon growth. At 1 week after denervation by sciatic nerve section, embryonic day 14 to 15 cells were purified for motoneurons, injected into the tibial nerve of adult Fischer rats, and stimulated immediately for up to 1 hour. More myelinated axons were present in tibial nerves 10 weeks after transplantation when transplants had been stimulated acutely at 1 Hz for 1 hour. More muscles were reinnervated if the stimulation treatment lasted for 1 hour. Reinnervation reduced muscle atrophy, with or without the stimulation treatment. These data suggest that brief stimulation of embryonic neurons promotes axon growth, which has a long-term impact on muscle reinnervation and function. Muscle reinnervation is important because it may enable the use of functional electrical stimulation to restore limb movements.
INTRODUCTION
Motoneuron death occurs after trauma to the spinal cord and in diseases such as amyotrophic lateral sclerosis and poliomyelitis (1Y3). Muscles are denervated and paralyzed, eliminating voluntary movements (4Y6). Muscle atrophy begins immediately and the muscles eventually degenerate if no reinnervation occurs (7, 8) . Because adult spinal motoneurons do not regenerate, motoneuron replacement is an important option to promote functional recovery (9) .
Although many studies of spinal cord injury focus on CNS axon regeneration to restore connections between brain and muscle, surveys of people with spinal cord injury suggest that research should also be focused on functions that would more rapidly improve their quality of life, including arm, hand, bladder, bowel and sexual function, and relief of neuropathic pain (10Y13). The use of patterned electrical stimulation to activate muscles locally, termed ''functional electrical stimulation'' (FES), has produced many success stories, particularly in the restoration of upper and lower extremity, bladder, bowel, and respiratory function (14) . However, FES applications require innervated muscles, and muscle denervation is an exclusion criterion for FES because the excitation threshold for muscle is substantially higher than that for nerve. With the high currents needed to excite denervated muscles, it is difficult to achieve selective muscle activation or strong contractions (15) . Because complete muscle denervation occurs in 1 of 6 people with spinal cord injury, these individuals could not be helped by FES unless the nerve supply was restored to the target muscles (3) .
In animal models, various cells have been transplanted to replace motoneurons (e.g. neural progenitor cells, bone marrow stromal cells, embryonic stem cells) and to enhance axon regeneration (e.g. Schwann cells, olfactory ensheathing cells) (16Y24). In these models, the severity of injury is often mild to moderate. Secondary effects such as inflammation may not be as severe as the spinal contusion that is typical of human spinal cord injury (25, 26) . Mild and moderate injury also leaves spared motoneurons and axons, making it difficult to interpret the effectiveness of treatments (27, 28) . For example, motor axons that survive the injury can sprout within partially denervated muscle to reinnervate up to 5 times their usual number of muscle fibers (29) , but this natural recovery process does not arise from any treatment. In addition, motor axons are usually required to grow over long distances to reinnervate muscle, and a prolonged period of denervation results in increasingly severe muscle atrophy (30Y32). Without significant restoration of muscle mass, reinnervation will produce little effect on muscle function.
To minimize the amount of muscle atrophy after complete denervation, a local motoneuron replacement strategy was developed to reinnervate skeletal muscles as soon as possible. Ventral spinal cord cells isolated from rat embryos were transplanted into the tibial nerve near the denervated muscles (33, 34) . Muscle atrophy was reduced after reinnervation, but poor survival of transplanted motoneurons limited the number of reinnervated muscle fibers (35) . Motoneuron survival, axon regeneration, muscle reinnervation, and function were all improved when 3 neurotrophic factors (i.e. glial-derived neurotrophic factor, hepatocyte growth factor, and insulin-like growth factor 1) were added to the cells (36, 37) . Activity is also crucial for the survival of embryonic motoneurons (38Y41) and may promote activitydependent axon growth (42) . Al-Majed et al (43) found that brief stimulation of the proximal stump of the transected femoral nerve at 20 Hz for 1 hour increased the number of motoneurons that initiated axon regeneration across the suture line. Pockett and Gavin (44) found that stimulation of the sciatic nerve at 1 Hz for 1 hour proximal to a nerve crush sped up the return of motor function. Nakayama et al (45) reported that rat lumbar ventral roots were spontaneously active at embryonic day 14.5. Thus, treatments that activate multiple pathways through both membrane depolarization and neurotrophic factors may enhance neuron survival and further axon regeneration (38, 46) .
The aim of the present study was to determine whether brief electrical stimulation of transplanted ventral spinal cord cells immediately after they were put into the tibial nerve increased motoneuron survival, axon regeneration, muscle reinnervation and function 10 weeks later. Various protocols were used to examine the differential effects of stimulation frequency, pattern, number of pulses, and duration of stimulation on the motoneuron count, myelinated axon count, muscle fiber area, the extent of reinnervation, and the percentage of muscles that contracted in response to stimulation of the neuron transplant.
MATERIALS AND METHODS

Animals
All procedures performed on animals were approved by the University of Miami Animal Care and Use Committee and adhered to the animal care and use guidelines of the National Institutes of Health. Inbred female Fischer rats (3 months old, 163 T 2 g [mean T SE]) and Dayz 14Y15 embryos from pregnant rats (Harlan Laboratories, Indianapolis, IN) were used to prevent immune rejection of the transplanted cells.
Experimental Groups and Timeline
The study is based on a novel cell transplant strategy that involves injection of dissociated embryonic ventral spinal cord cells into the tibial nerve of adult rats as the only source of neurons to reinnervate hind limb muscles (34) . Animals underwent denervation (Week -1), transplantation and intervention (Week 0) and physiological assessments followed by tissue retrieval for analysis (Week 10) (Fig. 1) ; 8 groups of animals were studied (Table) . The electrical stimulation intervention was applied immediately after cell transplantation and involved stimulation as follows: 1) 20 Hz for 1 hour (High-frequency group), because more axons started to grow across the suture line when this stimulation was applied to the proximal stump of the transected femoral nerve (43); 2) 1 Hz for 1 hour (Low-frequency group), because this stimulation sped up the return of motor function when delivered to the sciatic nerve proximal to a nerve crush (44); 3) 20 Hz for 6 seconds, once every 2 minutes, for 1 hour (Intermittent group), to mimic the spontaneous activity of motoneurons at embryonic day 14 to 15 (45); 4) Scrambled frequencies (Scrambled group), which varied between 11 and 30 Hz, with a mean frequency of 20 Hz for 1 hour; these were generated using a random number generator (random.org). This group controlled for stimulation pattern and frequency (20 Hz) because the protocol included the same total number of pulses (n = 72,000) as was delivered in the High-frequency group but the stimulation pattern differed; 5) 20 Hz for 3 minutes (Duration control), which was designed to distinguish the effects of stimulation duration while keeping the frequency the same as the Highfrequency group and the total number of pulses (n = 3600) is the same as the Low-frequency and Intermittent groups; 6) Placement of the tibial nerve on the electrodes for 1 hour, but no stimulation was delivered to control for the stimulation (No stimulation group); 7) Injection of media (No cells) to control for the effects of cell transplantation. The nerve was also placed on the electrodes for 1 hour without delivery of stimulation; and 8) Naive, age-matched animals that received no cell transplantation or electrical stimulation (uninjured group). The latter animals were used only for tissue and physiology assessments. 
Muscle Denervation
Animals were anesthetized with sodium pentobarbital (40 ml/kg, intraperitoneally) during all surgeries. Body temperature was maintained between 35-C and 37-C with a heating pad. The left sciatic nerve was transected 15 to 20 mm proximal to where the tibial nerve enters the gastrocnemii muscles. This denervates many hind limb muscles and mimics the muscle consequences of motoneuron death. The proximal nerve stump was tied to the adductor femoris muscle so spinal motoneurons were unable to reinnervate the denervated muscles.
Cell Preparation
Ventral spinal cord cells were dissociated from embryonic day 14 to 15 embryos (35, 47) . The embryos were placed into calcium and magnesium-free phosphate-buffered saline (PBS) solution. The ventral spinal cord was dissected out and incubated in trypsin solution at 37-C for 15 minutes, washed 3 times in Leibowitz-15 medium (Invitrogen, Carlsbad, CA), transferred into deoxyribonuclease solution, and triturated using a glass pipette in bovine serum albumin. Motoneurons were purified from these ventral spinal cord cells using a density gradient centrifugation technique (48) . The cells were centrifuged at 913 Â g for 15 minutes, and the layer of motoneurons between the OptiPrep solution and medium was then collected. These cells were suspended in 4% bovine serum albumin containing Leibowitz-15 medium and centrifuged at 230 Â g for 10 minutes. The purified motoneuron pellet was then resuspended in Leibowitz-15 medium. Brain-derived neurotrophic factor (BDNF; 10 ng/ml), ciliary neurotrophic factor (CNTF; 10 ng/ml), glial-derived neurotrophic factor (10 ng/ml), hepatocyte growth factor (10 ng/ml), insulin-like growth factor 1 (10 ng/ml), and forskolin (10 Kmol/L) were added to the cell medium because these factors increased spinal motoneuron survival in vitro (49) and motoneuron survival in our model (37) . Cells were counted with a hemocytometer, and viability was estimated using Trypan Blue.
Cell Transplantation and Brief Electrical Stimulation
Cell transplantation was delayed for 1 week after denervation because this improved axon regeneration (35) . At Week 0, 200,000 ventral spinal cord cells (73% T 2% of cells were positive for Islet-1, a marker for embryonic motoneurons [50] ) were suspended in 5 Kl of medium and injected into the tibial nerve 10 to 15 mm from where it enters the gastrocnemii muscles using a Hamilton syringe. Immediately after transplantation, a pair of silver electrodes was placed under the tibial nerve where cells (or medium) had been transplanted. All stimulation pulses were delivered at 3 V (100 Ks pulse duration [43] ) using an S48 stimulator (Grass Medical Instruments, Quincy, MA). This stimulation intensity is supramaximal (È150%) for the excitation of all axons in the rat sciatic nerve. Frequency, duration, and stimulation pattern were adjusted for each treatment group (Table) .
Physiological Assessments
At 10 weeks after transplantation of cells or medium, reinnervation and function of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and plantaris (PL) muscles of the left leg were physiologically assessed. The tibial nerve and the test muscles were separated by dissection. The left knee and ankle were clamped to prevent movement during the recordings. Suture (USP 4-0) was tied to the tendon of the each muscle and then to a force transducer to record isometric force. A pair of silver electrodes was placed on the midbelly of each muscle to record electromyographic activity (EMG). The cell transplant was laid on a pair of silver electrodes for stimulation. Muscle temperature was kept between 35-C and 37-C with a heating lamp.
First, the optimal muscle length for force generation was found by delivering single pulses to the transplant (30 V, 50 Ks in duration). Muscle length was changed in 1-mm steps until maximal twitch force was evoked. To examine whether MG, LG, and PL functioned, pulses (50 Ks) were delivered at increasing intensity (in 1-V increments to 30 V, then in 10-V increments to 150 V) while recording EMG and force. A muscle was considered functional if stimulation at 150 V (50-Ks pulses) elicited a muscle contraction, judged by the presence of both EMG and force. To determine the maximum evoked MG force, trains of stimuli were delivered at 40 and 50 Hz for 1 second and at 100 or 200 Hz for 0.5 seconds. To examine whether the stimulation treatment altered the function of neuromuscular junctions, EMG and force were recorded in response to repeated transplant stimulation (13 pulses at 40 Hz, every second for 2 minutes). The fatigability (final force/initial force; or EMG area) of the reinnervated muscles is reported in detail elsewhere. EMG and force were sampled online using 
a SC/Zoom system (3,200 and 400 Hz, respectively; Umeå University, Sweden).
Motoneuron Survival
After the physiological recordings, the transplant was removed, stored in Zamboni solution for 2 days, placed in PBS solution containing 10%, 20%, and then 30% sucrose (1 day each), frozen in dry iceYcooled isopentane, and stored at j80-C. Transverse sections (25 Km thick) of the entire transplant were cut and placed on gelatin-coated slides in such a way that each slide had sections that were representative of the entire transplant. This was achieved by cutting from proximal to distal, putting 1 proximal section on all slides first, then returning to the first slide to place a second section, and so on. Thus, the second section on the first slide came from a location well within the transplant. Sections were stored at j80-C.
Slides were washed with PBS, treated in j20-C methanol for 20 minutes, incubated in borohydrite for 20 minutes to block background fluorescent staining, exposed to sodium dodecyl sulfate detergent for 12 minutes, and then kept in 1% milk solution overnight to block nonspecific protein sites. The slides were immunostained with antiYcholine acetyltransferase (ChAT) primary antibody (dilution 1:90; Millipore, Billerica, MA) overnight for 24 hours. On the third day, slides were washed in PBS, stained with 1:120 goat anti-rat Alexa 488 secondary antibodies (Invitrogen) for 4 hours and then mounted using Prolong Gold antifade agent with 4 ¶,6-diamidino-2-phenylindole (DAPI; Invitrogen).
A systematic random sampling method was used to estimate the number of ChAT-positive neurons in the whole transplant, a measure of motoneuron survival (51) . Analysis of motoneurons and all other outcome measures described below were completed blind to group. For every third section, images of ChAT-positive neurons with DAPI-stained nuclei were digitized at 40Â magnification using an Axiophot microscope (Zeiss, Jena, Germany), a MicroFire A/R camera (Optronics, Goleta, CA), and Stereo Investigator software (MBF Bioscience, Williston, VT). The diameter of each ChAT-positive neuron was measured using Metamorph software (Molecular Devices, Sunnyvale, CA). The total number of ChAT-positive neurons in a transplant was estimated by dividing the number of sampled neurons by the fraction of sections sampled.
Motoneuron survival may be influenced by astrocytes (52, 53) . Because we transplanted cells into the tibial nerve, a Schwann cellYdominant environment, representative transplants from the Low-frequency and No stimulation groups (n = 7) were stained with aldehyde dehydrogenase 1A1 (ALDH1A1, P28307; NeuroMab, Antibodies Inc, Davis, CA). This antibody is a marker for astrocytes but is negative for oligodendrocytes, Schwann cells, and neurons (54, 55) . These same transplants were also stained for glial fibrillary acidic protein (GFAP; rabbit anti-glial fibrillary acidic protein, Z0334; DAKO Corporation, Carpinteria, CA), an antibody that recognizes Schwann cells, oligodendrocytes, and most astrocytes (56) .
Axon Regeneration
Axon regeneration was first analyzed by counting the number of myelinated axons in the MG, LG, and distal tibial nerves (DT; the tibial nerve that remains after MG and LG nerves branch to their respective muscles). These 3 nerve branches were removed after the physiological recordings and submerged in Zamboni solution. After 2 days, the tissue was washed twice with cold PBS solution and stored in 4% glutaraldehyde. Fixed nerve sections were stained with 1% osmium tetroxide in 0.1 mol/L PO 4 buffer overnight, dehydrated using a series of alcohols (25%, 50%, 70%, 95%, and 100%), washed with propylene oxide, and kept in a 1:1 mixture of propylene oxide and Epon Araldite resin overnight. The nerve sections were then embedded in Epon Araldite resin and incubated at 60-C overnight to harden.
Nerves were cut transversely (1 Km), stained with toluidine blue to show myelin, and mounted using DPX mounting medium (Electron Microscopy Science, Hatfield, PA). Sections were digitized (63Â magnification), as described for motoneurons. The maximum and minimum diameters of each myelinated axon were measured (Metamorph software), and the average diameter was calculated. These data also provided the axon count for each nerve branch and the total number of axons that regenerated from the transplant.
The stimulation treatment may influence axon regeneration, myelination, or both processes so representative MG nerves from the Low-frequency and No stimulation groups were also examined at the ultrastructural level. Unmyelinated and myelinated axons were counted in up to 23 samples per nerve to assess overall axon regeneration. To examine the amount of myelination, the axon diameter and myelin thickness of myelinated axons were measured in these same samples. The g ratio (axon diameter/fiber diameter) was calculated as a measure of myelin thickness.
Muscle Atrophy and Reinnervation
Muscle atrophy was determined by measuring the cross sectional area of muscle fibers in MG muscles. After the physiological assessments, the left MG muscle was dissected free, frozen in dry iceYcooled isopentane, and stored at j80-C. Ten-micrometer-thick cross sections were cut from the midbelly of each muscle; stained with Harris hematoxylin (Electron Microscopy Science) for 3 minutes; washed with water for 10 minutes; stained in eosin for 1 minute; washed with water for another 3 minutes, dehydrated in 70%, 90%, and 100% reagent alcohol; washed in citrate solution for 5 minutes; and then mounted with DPX mounting medium (Electron Microscopy Science).
Muscle cross sections were digitized at 40Â magnification. For each muscle, 500 fibers were randomly sampled across the entire section and the area of each muscle fiber measured (Metamorph software). A grid was laid over the muscle cross section, with each square subdivided into smaller regions. A number between 1 and 3 was selected randomly, and the areas of up to 5 muscle fibers were measured in the middle of the selected region. Muscle reinnervation was determined from the percentage of large muscle fibers. We have previously stimulated cell transplants repeatedly to deplete functional (reinnervated) muscle fibers of glycogen. Glycogen-depleted (reinnervated) fibers had muscle fiber areas larger than 95% of fibers in completely denervated muscles (fiber cross-sectional area 9498 Km 2 ) (57).
Statistics
Mean T SE are given. Statistics were performed using PASW Statistics 18 (SPSS). The mean number of ChATpositive neurons, myelinated axon counts, muscle fiber area, percentage of reinnervated muscle fibers, and maximum muscle force were compared across groups using one-way analysis of variance. Unmyelinated axon counts, g ratios, and fatigue indices were compared for only the Low-frequency and No stimulation groups. The percentage of functional muscles (MG, LG, and PL) was compared across groups using W 2 tests. Correlations between myelinated axon counts, muscle fiber area, muscle reinnervation, and maximal muscle force were compared using Pearson correlation analysis. Level of significance was p G 0.05.
RESULTS
Electrical Stimulation of
Myelinated axons were present in the tibial nerves of animals that received a cell transplant whether or not a brief stimulation treatment was delivered ( Fig. 2A, B ), but these myelinated axons were smaller than axons in nerves of uninjured animals (Fig. 2D) . When medium was transplanted without cells, the tibial nerve was devoid of myelinated axons and the muscles in these animals remained denervated (Fig. 2C) .
Axon regeneration was enhanced in the Low-frequency (1 Hz for 1 hour) group. The mean total number (TSE) of myelinated axons in the tibial nerve was 727 T 109, which was significantly higher than the axon count for the Duration control group (20 Hz for 3 minutes; 480 T 67), Intermittent (460 T 77), and No stimulation groups (415 T 122; Fig. 2E ). The mean number of myelinated axons in all experimental groups, including the Low-frequency group, was lower than that for the uninjured group (1,160 T 33), suggesting that further improvements in axon regeneration are possible.
Comparisons of myelinated axon numbers in different nerve branches (MG, LG, and DT: i.e. tibial nerve distal to where MG and LG nerves branch to their respective muscles) showed significant positive correlations (Fig. 2F, G) . Thus, if the number of myelinated axons was high in 1 nerve branch for a given animal, the axon count was likely to be high in the other nerve branches of that same animal. Furthermore, the mean MG myelinated axon count for the Low-frequency group was almost twice that of the No stimulation group (77 T 23 vs 51 T 19, p G 0.05; Fig. 2F ), but the estimated unmyelinated axon counts were similar (309 T 139 vs 336 T 133). These results suggest that more axons grew from the transplants and became myelinated with low-frequency stimulation. However, this same treatment did not alter the amount of myelination. Axon diameter and myelin thickness were correlated positively for both the Low-frequency and No stimulation groups, and the respective mean g ratios were similar (0.62 T 0.01 vs 0.59 T 0.03).
One Hour of Electrical Stimulation Increased the Percentage of Functional Muscles
MG, LG, and plantaris muscles were classified as functionally reinnervated 10 weeks after transplantation when stimulation of the transplant (150 V, 50 Ks) elicited EMG and force. Because the proximal sciatic nerve stump was tied to the hip muscles and remained in place in all animals, these evoked contractions did not arise from exciting axons belonging to spinal motoneurons.
Stimulation of the cell transplant for 1 hour immediately after transplantation enhanced functional muscle reinnervation (Fig. 3) . The percentage of functionally reinnervated muscles was significantly higher for animals in the High-frequency (79%), Low-frequency (77%), Intermittent (87%), and Scrambled (86%) groups versus animals in the Duration control (64%) and No stimulation groups (58%). This result suggests that duration of stimulation (1 hour) was a more important factor for functional muscle reinnervation than the number, frequency, or pattern of pulses because the High-frequency, Scrambled, and Intermittent groups received more pulses (n = 72,000) than the Low-frequency group (n = 3,600), at a higher frequency (20 vs 1 Hz), and the pulses were delivered using different patterns of stimulation.
Cell Transplantation Resulted in Muscle Reinnervation That Reduced Atrophy
Animals that did not receive a cell transplant had small muscle fibers in MG because of long-term denervation (Fig. 4A) . Fibers in muscles of uninjured animals were large (Fig. 4C) . Muscles of animals that received a cell transplant had large and small muscle fibers (Fig. 4B) , an indication that only some muscle fibers were reinnervated (57) . The larger muscle fibers were often grouped together, suggesting that regenerating axons sprouted to innervate neighboring muscle fibers.
The mean (TSE) cross-sectional area of reinnervated muscle fibers was similar across all groups that received a cell transplant, ranging from 36% T 1% to 44% T 4% of the mean uninjured value (Fig. 4D) . The mean muscle fiber areas of these cell transplantation groups were significantly larger than those of the group that received medium without cells. Thus, reinnervation from the cell transplantation alone increased muscle fiber areas significantly, but brief electrical stimulation of the embryonic cells did not reduce muscle atrophy further.
The mean (TSE) percentage of muscle fibers that were reinnervated was similar across all groups that received cells whether or not stimulation was delivered immediately after transplantation. Reinnervation ranged from 33% T 4% to 48% T 5% across groups (Fig. 4E) .
Greater Axon Regeneration Improved Muscle Function
Correlations between parameters were examined for MG muscles. There were significant positive correlations between the mean myelinated axon counts in MG nerves, reinnervated muscle fiber areas, the percentage of reinnervated fibers, and mean maximum muscle forces (Fig. 5) . Muscles in the Lowfrequency group generated the most force and had the highest myelinated axon count. There were fewer axons in the MG nerves of the other groups, and the mean maximum evoked muscle force decreased proportionally (Fig. 5A) . Muscle fiber area and the extent of muscle reinnervation both influenced the maximum MG muscle force strongly and were higher for the High-and Low-frequency groups; intermediate for the Scrambled, Intermittent, and No stimulation groups; and lowest when the transplant was stimulated for 3 minutes (Duration control group) (Fig. 5B, C) .
Brief Electrical Stimulation Did Not Change Motoneuron Survival
Motoneuron survival was estimated in transplants at 10 weeks by counting the number of ChAT-positive neurons that had a visible nucleus (Fig. 6AYC) . The estimated mean (TSE) motoneuron count was similar across groups and ranged from 281 T 107 in the Scrambled group to 426 T 184 in the No stimulation group (Fig. 6D ). There were no motoneurons present in the tibial nerve when only medium was transplanted without cells. These data suggest that motoneuron survival was not increased by brief electrical stimulation of the cell transplant. Further, transplants from the Low-frequency and No stimulation groups that resulted in functional muscle reinnervation were devoid of astrocytes, except in 1 case, in which a small area was positive for ALDH1A1, a marker for astrocytes. These same transplants were all positive for GFAP, which recognizes Schwann cells, oligodendrocytes, and most astrocytes (56) .
DISCUSSION Brief Electrical Stimulation of Embryonic Neurons in Peripheral Nerve Had Long-term Effects
We have shown that brief electrical stimulation of embryonic ventral spinal cord cells immediately after transplantation into peripheral nerve had long-term effects on axon regeneration with subsequent improvements in muscle function. More axons grew from the transplants when they were briefly stimulated at a low frequency (1 Hz) for 1 hour. The duration of stimulation was also important because there were more functional muscles at 10 weeks when the neurons were stimulated for 1 hour after transplantation.
Electrical Stimulation Influences Multiple Pathways
Electrical stimulation induces membrane depolarization and calcium influx, but the effects depend on the route of calcium entry. Influx of calcium through N-methyl-d-aspartate glutamate receptors can mediate excitotoxic cell death (58, 59) . However, when calcium influx occurs via L-type voltage-gated calcium channels, this activates adenylate cyclase, induces the production of cyclic adenosine monophosphate (cAMP), increasing both neuron survival and axon regeneration (39, 60Y66) . Calcium can also bind to calmodulin-dependent protein kinases to promote neuron survival (67, 68) . Activation of these pathways influences transcription factors such as cAMP-responsive element binding protein (CREB) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-JB) to increase the transcription of factors such as BDNF to enhance axon regeneration (40, 69, 70) . Both electrical stimulation and neurotrophic factors can activate the Ras/Raf and phosphatidylinositol-3-OH kinase (PI3K) pathways to enhance axon regeneration (71Y77). The effects of electrical stimulation on axon regeneration also occur via enhanced sensitivity of neurotrophic receptors (40) . Thus, treatments that activate multiple pathways, through both membrane depolarization and neurotrophic factors, may enhance axon regeneration further (38, 46) . Consistent with this idea, all cell transplants included neurotrophic factors in this study, and there were more axons that grew from transplants that were stimulated at a low frequency for 1 hour (Fig. 2E) .
Restoration of intracellular calcium levels via electrical stimulation may also enable neuron survival by helping neurons reach a stable membrane potential. The cell isolation process induces axotomy and ruptures the cell membrane. Prompt membrane resealing is necessary to maintain the intracellular ionic balances needed to conduct action potentials, and stimulation-induced calcium release may enhance membrane reconstruction (78, 79) . Elevation of intracellular calcium concentration can also activate the polymerization of microtubules and actin filaments required for axon growth cone initiation and extension (80, 81) . Repellant signals for growth cone extension can be changed into attractive signals by electrical stimulation, which may facilitate axon regeneration (82) . Thus, from the multitude of ways electrical stimulation may work, ultimately, it is maintaining or restoring the level of intracellular calcium and/or cAMP to physiological levels that is likely to be the key factor in facilitating motoneuron survival or axon regeneration (83Y86).
Myelinated Axon Counts Were Higher With Brief Transplant Stimulation at a Low Frequency
Growth cones of embryonic motoneurons show faster rates of outgrowth when the frequency of calcium transients is lower (87) . Stimulation (1 Hz) of dorsal root ganglion neurons in culture also maintains mRNA expression of the neural cell adhesion molecule L1, survival of Schwann cells, and axon fasciculation, all of which are important for growth cone guidance and extension (88) . In this study, low-frequency electrical stimulation may have allowed the embryonic neurons to send out growth cones and reach a substrate for neurite attachment faster at first, thereby enabling more axons to grow from the transplant and become myelinated (Fig. 2E ). This is supported by similar numbers of unmyelinated axons in MG nerves from the Low-frequency and No stimulation groups but higher number of myelinated axons after low-frequency stimulation. Brief electrical stimulation of the proximal stump of transected or crushed nerves also increased the number of motoneurons that initiated axon regeneration across the suture line or sped up the return of motor recovery (43, 44) .
More Functional Muscles After 1 Hour of Transplant Stimulation
There were more functional muscles in groups that received a cell transplant and 1 hour of stimulation compared with groups that received only 3 minutes of stimulation or no stimulation at all (Fig. 3) . The longer duration of stimulation may have affected transcription of axon-enhancing genes such as the one encoding BDNF (89) . Stimulation activates several signaling pathways that can elevate CREB phosphorylation, an upstream regulator of BDNF gene transcription. In vivo data suggest that at least 30 minutes of electrical stimulation is needed to reach maximal levels of CREB phosphorylation (89) . Stimulation inactivates the protein phosphatase, calcineurin, which may prolong CREB phosphorylation levels and targeted gene transcription further (90) . These results are consistent with an increase in the number of muscles that were reinnervated and functioned when embryonic neurons were stimulated for 1 hour. Three minutes of stimulation was presumably insufficient to activate signaling pathways that enhance axon regeneration.
Muscles Were Reinnervated From the Cell Transplant, Which Reduced Muscle Atrophy
Cell transplantation resulted in muscle reinnervation, which was clearly beneficial to muscle fiber area, although brief electrical stimulation of the transplants did not reduce muscle atrophy further (Fig. 4) . Restoration of muscle fiber areas to 36% to 44% of uninjured values across groups likely reflected the return of neurotrophic support to muscle. No further increase in muscle fiber area with brief transplant stimulation may represent a ceiling effect. Without muscle activity or sufficient weight bearing, neurotrophic support alone cannot maintain muscle fiber area (91Y93). Similarly, only 33% to 48% of muscle fibers were reinnervated (Fig. 4E) . Because axons can sprout within muscle to reinnervate 4 to 5 times their usual number of muscle fibers (29) , and axon counts across groups averaged from 24% to 82% uninjured, it is conceivable that all muscle fibers could have been reinnervated. The incomplete reinnervation observed here may be explained by low axon counts in some cases (Fig. 2) , a potential mismatch between the neurotransmitters released by regenerating axons (e.g. glutamate and the muscle target [acetylcholine] [94] ), although motoneurons retrogradely labeled from reinnervated muscles were ChAT-positive (36), collapsed intramuscular sheaths after long-term denervation (95) , the presence of immature neuromuscular junctions, which are common in our model (50) , and/or neuromuscular junctions that were nonfunctional.
Axon Regeneration Impacted Muscle Force
Increased axon regeneration by brief low-frequency transplant stimulation increased maximum force in MG muscles because of the reinnervation of more muscle fibers and larger fiber areas (Fig. 5) . The effects of transplant stimulation on maximum muscle force were likely mediated via the significant improvements in axon regeneration (Fig. 2) , because the brief electrical stimulation was delivered to transplants of dissociated cells and did not evoke EMG in the denervated target muscles. Myelinated axon counts were also higher in the MG nerves of the Low-frequency versus the No stimulation groups, but the unmyelinated axons counts and myelin thickness were similar for these 2 groups. Differences in maximal muscle forces did not reflect variations in neuromuscular junction function because the EMG area was maintained with repeated stimulation, but the force declined by a similar amount across groups. Studies at the motor unit level could distinguish whether the enhanced reinnervation represented the formation of more motor units, higher unit innervation ratios, or both possibilities. Irrespective of the underlying mechanisms for the improved force, brief electrical stimulation of the transplant improved both the number of functional muscles and the extent of muscle function. This increase in force with brief transplant stimulation is likely representative of other target muscles too because axons grew equally well into different nerve branches (Fig. 2F, G) . Better results for the Low-and High-frequency groups versus the Intermittent group may reflect that immediate early gene expression is increased when there are short intervals between trains of stimuli and thus between electrically induced calcium transients (89) . Poorer results for the Scrambled and Duration control groups suggest that an irregular pattern of stimulation or a short period of stimulation induces calcium transients that are suboptimal for axonenhancing gene expression.
Electrical Stimulation Did Not Improve Motoneuron Survival
Although the current study yielded promising results in axon regeneration and muscle function with brief electrical stimulation of the transplant, motoneuron survival was similar across groups (Fig. 6D) . These results contrast with an earlier study in which we showed that motoneuron survival was increased when ventral cell preparations were stimulated at 20 Hz for 1 hour (96) . Neural and glial progenitors were abundant in ventral cell preparations. Embryonic motoneurons depend on multiple trophic factors for survival and axon growth, some of which are produced by astrocytes (52, 53) ; however, astrocytes were uncommon in our purified transplants so are unlikely to have altered motoneuron survival. It is possible that ancillary progenitors in ventral spinal cord preparations are recruited to assist in motoneuron survival. Further studies will be necessary to determine what factors limit motoneuron fate in these transplants.
Functional Implications
This study demonstrated that brief transplant stimulation at low frequency increased axon regeneration significantly, resulting in increased muscle force owing to better muscle reinnervation and reduced muscle atrophy. Restoring muscle fiber area up to 44% of control values could have multiple benefits. In people with spinal cord injury, larger muscles may reduce skin breakdown by providing a cushion between bone and skin, enhance body image, and boost selfconfidence. Reinnervation of muscle also lowers excitation threshold and opens the opportunity for functional electrical stimulation. Patterned stimulation can provide many useful functions including control of hand grasp, bladder, or bowel control (14) , which may relieve dependence on caregivers and lower social and economic costs. In the future, brain computer interfaces may also allow direct control of innervated muscle and movement without involvement of a damaged spinal cord (97Y99).
